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In the present article, the patterns of the geographic variability in yields of rye within Polesia and the Forest-Steppe 
zone of Ukraine are presented and the correlation of the factors and dynamics of an agroeconomic and agroecological 
nature was determined. The dynamics of rye yields in the study area over time were determined as being characterized by 
three extreme points: two local maxima and one local minimum. Specific terms of the polynomial curve of the fourth 
order can be meaningfully interpreted and applied to describe the dynamics of productivity. Free members of the 
polynomial indicate culture productivity in the starting period. Dynamics of the productivity that can be explained by the 
regression indicate that agrotechnological and agrecological conditions of agricultural production are a pervasive factor 
that determines the presence of a general trend. The determination coefficient of the regression total trend can be 
interpreted as an indicator of the role of the agrotechnological and agroeconomic factors in the dynamics of productivity. 
The residue of the trend regression model can be interpreted so as to include the agroecological component of the rye 
yields dynamics. Their analysis revealed seven key components that together explained 58.4% of the total variability of 
the space feature. The principal components of vibrational patterns reflect the specific nature of variation of rye yields 
over time, which are spatially defined. Vibrational effects are environmental in nature. Geographically weighted principal 
component analysis showed the transience of environmental spatial modes which determine the oscillating component of 
rye yield variation over time. Spaces within which the structure of ecological interactions remains unchanged can be 
considered as the basis of agroecological zoning areas.  
Keywords: geographically weighted principal component analysis; yield; rye; spatial variability; temporal dynamics  
Introduction  
 
There is an urgent need to increase the production of quality agri-
cultural products (Godfray et al., 2010; Tscharntke et al., 2012) due to 
the steady trend of increase in the global human population (Godfray et al., 
2010). Agricultural production takes place in conditions of global climate 
change and the growing pressure on natural ecosystems (Bohan et al., 
2013). The influence of the climate change also affects the variability in the 
yield of crops and human needs in food (Li, 2015). The average surface 
temperature is a key indicator of climate change. Substantiated evidence 
indicates that the global average temperature has increased by 0.90 ± 
0.05 °C since mid-1950 and will increase by another 1–3 °C by the end 
of this century (Hansen et al., 2010; Rohde, 2013). The level of the 
carbon monoxide significantly increased over the last century and there is 
a strong link between global warming and the level of greenhouse gases 
in the atmosphere (Canadell et al., 2007). It is expected that climate change 
will be manifested in the increase in global average temperatures, chan-
ges in precipitation patterns and increase in the frequency and severity 
of extreme weather events (Cai et al., 2014).  
Spatio-temporal variation of ecological processes can be decompo-
sed into spatial and temporal components (Hammond & Kolasa, 2014). 
Synchrony and persistence are important components of spatial and 
temporal variability. When the yield of certain crops increases or decrea-
ses in the same year in each of two places, the culture of these places are 
in synchrony. On the other hand, the persistence manifests itself in the 
fact that the average yield is different in two locations or other spatial 
units (Li, 2015). Spatial patterns are diagnostic when they are used to 
uncover the hidden mechanisms in the landscape and predictive as they 
indicate the most probable future behaviour of processes (Hammond & 
Kolasa, 2014; Maamar et al., 2018).  
The main tenet of landscape ecology is the concept of the decisive 
influence of landscape patterns on ecological processes (Turner et al., 
1989; Zhukov et al., 2013). Land degradation and ecological processes 
create potentially dangerous feedback (desertification, salinization) and 
provide a source of long-term negative impact on agricultural production 
(Rockstrom et al., 2009; Kharytonov et al., 2018). Yields of crops can 
be increased by improving agricultural technologies (Mueller et al., 2012) 
and crop genetics (Tester & Langridge, 2010). But the effectiveness of 
these directions is limited by increasing costs associated with the risk of 
diseases and negative impact of pests (Oerke & Dehne, 2004; Brygady-
renko & Nazimov, 2015; Kunah & Papka, 2016). Traditional manage-
ment of pests and diseases increases crop yields, but has some drawbacks. 
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Nonspecific effect of synthetic insecticides leads to the destruction of 
non-targeted groups of organisms and thus disrupt natural pest control 
mechanisms (Newsom, 1967; Metcalf, 1980; Zhukov et al., 2017).  
Harvest crops are the result of interactions between genetic charac-
teristics of plants, soil characteristics, farming and climatic conditions 
(Diacono et al., 2012). Combining analysis of the soil properties and 
parameters of the growth of crops can be effective in identifying areas 
with different potential productivity (Taylor et al., 2003; Fleming et al., 
2004; Basso et al., 2011; Zhukov et al., 2015). Landscape management 
is essential for biodiversity conservation (Andrushenko & Zhukov, 2016; 
Lindenmayer et al., 2008; Tscharntke et al., 2012). Aggregation of agri-
cultural fields and the suppression of areas that are not cultivated, leads 
to the transformation of complex landscapes with a relatively high pro-
portion of semi-natural habitats into in structurally simple landscape 
dominated by arable fields (Roschewitz et al., 2005).  
Landscape structure is a key factor in maintaining biodiversity (Ant-
rop, 2005; Zhukov et al., 2016; Zhukov & Andryushchenko, 2017). 
Analysis of the spatial and temporal dynamics of the yields of grain and 
leguminous crops in Polissya and the forest-steppe zone of Ukraine 
showed the complex nature of the processes that it defines. A common 
feature of the change over time is the presence of a trend, which can be 
described by a polynomial of the fourth degree. The trend is seen as one 
that has an agroeconomic and agrotehnological origin (Zymaroieva, 2018). 
Cluster analysis of the dynamics of winter wheat yield in the admini-
strative districts of Dnipropetrovsk region allowed us to identify geogra-
phically defined districts, forming spatially associated complexes. Tem-
poral dynamics of winter wheat yield in the interaction of endogenous 
and exogenous environmental factors form the main principle of disco-
vering these environmentally homogeneous areas (Zhukov et al., 2018). 
Examination of the dynamics of sunflower productivity in agricultural 
enterprises of Poltava region by its administrative areas for the period 
1995–2016 made it possible to establish the role of spatial and agroeco-
logical component variations and complete agroecological zoning of the 
territory of Poltava region based on dynamic characteristics of sunflo-
wer productivity (Zhukov & Ponomarenko, 2017).  
The aim of the article is to establish patterns of the geographical va-
riability of the yield of rye (Secale cereale L.) in Polissya and the forest-
steppe zone of Ukraine and determine the ratio of the factors of dyna-
mics of agroeconomic and agroecological nature.  
 
Material and methods  
 
Data on the yield of rye in Polissya and the forest-steppe zones were 
presented (www.ukrstat.gov.ua) by the State Statistics Service of Ukraine. 
The information covers the period from 1991 till 2017. These are the 
nature of the average yields by administrative district. The territory 
covers 206 administrative districts of ten regions of Ukraine (Vinnytsia, 
Volyn, Zhytomyr, Kyiv, L'viv, Rivne, Ternopil, Khmelnytsky, Cherka-
sy, Chernihiv).  
The statistical analysis was performed using the software Statistica 10 
(StatSoft Inc., USA). Compliance with data analysis of principal com-
ponents was evaluated by the Kaiser-Meyer-Olkina test (KMO). Calcu-
lations were performed by the library REdaS (Hatzinger et al., 2014) for 
the environment of the statistical calculations R (R Core Team, 2017). 
Principal Component Analysis (PCA) is a statistical procedure that is 
widely used in research data analysis (Pearson, 1901). This non-para-
metric method reduces the dimension of the database and thus makes it 
possible to identify some common patterns hidden in data. The Moran 
statistics (Moran, 1950) was applied to calculate the global spatial auto-
correlation coefficient, which is similar to the Pearson correlation coeffi-
cient. Both statistics vary between +1.0 (indicates a strong positive cor-
relation) to 0 (points to a random pattern) and to –1.0 (indicates a strong 
negative autocorrelation) (Iqbal et al., 2005). Moran global statistics were 
calculated (www.geoda.uiuc.edu) with the use of the program Geoda095i 
(Anselin et al., 2005). The method of the geographically weighted prin-
cipal components analysis (GWPCA) was implemented with a package 
GWmodel for the environment of the statistical calculations R 
(http://cran.rstudio.com).  
 
Results  
 
The analysis of the total trend. Typical dynamic averaged data of 
the rye yields in the study area is characterized by three extreme points: 
two local maxima and one local minimum. The dependence of the 
available three point extremes can be described using the polynomial of 
the fourth order (Zhukov & Ponomarenko, 2017):  
Yx = b + a1x + a2x2 +a3x3+ a4x4, 
where Yx is a rye yield at the time x; b, a1, a2, a3, a4 are the regression 
coefficients. Specific terms of polynomial curve of the fourth order can 
be meaningfully interpreted and applied to describe the dynamics of rye 
yield (Fig. 1). Constant b indicates culture productivity in the starting 
period. If we assume that x = 0 at the start of the study, then the constant 
will indicate the level of productivity at this time. It should be noted that 
the description of the actual dynamics of the selected analytic function is 
in a certain manner, a generalization and simplification. The form of the 
function and its parameters can be selected based on interpolation and 
there is no reason to use this feature to extrapolate – ie prospective or 
retrospective forecast.  
 
Fig. 1. Typical yields of rye dynamics for the years 1991–2017:  
approximation and fourth order polynomial trend: here abscissa is the time (1 – 1991, 27 – 2017); ordinate is the yield (kg/ha); b – constant  
of the polynomial equation; YMin – polynomial value at the point of local minimum; YMax – value of polynomial at the points of local maxima;  
tgα – maximum speed of the crop increase in the time between the minimum and maximum, the tangent of the inflection angle of the tangent  
line to the curve of the polynomial at the point of inflection (analagous to the maximum speed of reduction in yield in descending branch)  
Moreover, the validity of these forecasts will be significantly redu-
ced by increasing the time period for the prognosis is made. In addition, 
there is no reason to believe that even with a lag, which is the unit of 
measurement of time, the system does not change its properties signifi-
cantly. Thus, the constant b indicates the starting conditions for the de-
scription of the process and is an independent parameter of the temporal 
dynamics of crop yield changes over time.  
Coordinates of the points of inflection function which describes the 
dynamics of yields of rye, can be found after solving the equation obtai-
ned as a result of differentiation of the polynomial of the fourth degree:  
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. 
Inflection points correspond to solving an equation that corresponds 
to the second derivative polynomial: 
. 
The corresponding quadratic equation has two roots: 
 
Substituting in the original equation regression the corresponding 
argument x1 and x2, we can distinguish the value that obtains the rate of 
change of productivity at these points, which are the maximum for the 
module. As the local maxima are located in areas close to the edges of 
the range of the studied period, their exact definition seems doubtful. 
In many cases, peaks are outside of the studied period. Therefore, the 
function of local maxima we do not apply as characteristic of the dyna-
mics of rye productivity.  
The rye productivity dynamics are described us via the constant, 
which reflects the initial conditions of soil fertility at the beginning of 
studied period and indicators the maximum speed of reduction in yields 
during the 1990s and the maximum rate of increase in productivity in 
the 2000s. Also the quality of description of the fourth order polynomial 
is characterized with the help of the coefficient of determination.  
The coefficient of determination indicates the level of compliance of 
the model with real data and varies in the range of 0.56 to 0.91 (Fig. 2).  
  
Fig. 2. Spatial variation of the coefficient  
of determination of the regression model  
Polynomial regression has a global character. The existence of such 
a relationship occurs as a result of a constant external factor that affects 
the yield of crops. The nature of the overall dynamics of productivity that 
can be explained by the regression indicates that this factor is the agro-
technological and agroecological conditions of agricultural production. 
From this, the coefficient of determination can be interpreted as an indi-
cator of the role of the agrotechnological and agroeconomic factors in 
the dynamics of productivity. The data indicate that these aspects of pro-
ductivity are essential. The variation of the coefficient of determination 
is spatially dependent (I-Moran statistics is 0.14, P = 0.001). The areas 
most sensitive to agrotechnological and agroeconomic factors are the 
southern, eastern and south-western areas of the region, and the least – 
north. The starting level of rye productivity varies between 10.6 c/ha 
(northern and north-eastern regions) to 35.6 c/ha (south and southeast) 
(Fig. 3). The variation of the initial rye yield is spatially dependent (I-Moran 
statistics is 0.46, P = 0.001).  
  
Fig. 3. Spatial variation of the level of rye yield in the starting 
period of research (const b of the regression equation)  
The regression coefficients of trend productivity models are strongly 
correlated with each other, indicating that the intensity of decreased 
yields (constant a1) is inversely proportional to the initial yield potential 
(constant b, the correlation coefficient between a1 and b – r = 0.74, P < 
0.001), and the increased intensity in productivity in the second half of 
the study period is inversely proportional to the intensity of the previous 
decline (the correlation coefficient between a1 and a2 r = –0.81, P < 
0.001). In order to assess the dynamics of the factors that are indepen-
dent of the initial conditions, the regression analysis was conducted 
according to the parameters of trend parameters preconditions. For the 
regression parameters a1 equation is:  
а1 = –0.11 ± 0.05 – 0.027 ± 0.017b, R2 = 0.54,  
where a1 – speed of the reduction in yields in the first period of the study 
as a result of evaluation of the total trend, b – starting potential yield at 
the beginning of the studied period.  
The dependence of two predictors was found for regression 
parameter а2:  
а2 = 0.72 ± 0.04 – 0.0079 ± 0.0025а1 – 1.08 ± 0.068b, R2 = 0.66,  
where a2 – the rate of increase in productivity in the second period of the 
study, а1 – the rate of yield decline in the first period of study on the 
basis of the evaluation of total trend, b – starting potential yield at 
beginning of the period studied.  
In the further part of the article, the speed of the total reduction or 
increase in yields according to the established trend is described using 
the residuals of the regression models, which are independent of the 
parameters that characterize the particular dynamics of previous periods 
and thus have independent information.  
The variation of the deviation from the dependence of the maxi-
mum speed of decrease in crop yield on the initial potential of crops is 
spatially dependent (I-Moran statistics is 0.08, P = 0.001) (Fig. 4).  
  
Fig. 4. Spatial variation of deviation from the dependence of maxi-
mum speed of reduction of the yield on the initial potential yield  
Areas with a positive deviation (speed of decrease is slower than the 
overall trend dynamics) are concentrated in the east, northeast, north-
west and center in some regions. In the southern and eastern parts devia-
tion from the general trend is negative. In these regions, the decline was 
more intense than in the whole investigated area.  
The variation of dependency of the maximum growth rate of the 
yield on the initial yield potential and maximum speed of decrease in 
yields is not spatially dependent (I-Moran statistics is 0.003, P = 0.410). 
Visual studies of the map of spatial distribution of the indicator (Fig. 5) 
suggest that the dynamics of the rate of recovery of productive capacity 
is affected by a complex and nonlinear spatial pattern that cannot be 
quantified without sophisticated multiscale organization of this pheno-
menon. For its description PCNM-analysis (Zhukov et al., 2017) can be 
applied but this is beyond the scope of our study.  
  
Fig. 5. Spatial variation of the residuals of the maximum growth 
rate (a2) regression from the initial yield potential (b)  
and maximum speed of the yields decrease (a1)  
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The global principal components analysis. Regression using fourth-
order polynomial explains a significant part of the variance in yields of 
rye. In further analysis regression model residuals will be applied. These 
residuals are likely to also have a complex nature. Of course, this ran-
dom noise associated with objective errors in the original data. Also in 
the regression residuals we can expect components associated with 
regular variation that may have an environmental nature.  
The next question to be resolved before using principal component 
analysis is whether the sample size is large enough for statistical analy-
sis. Is there some redundancy between variables? We investigated the 
yield in the 203 administrative districts in terms of 27 variables (years). 
The Kaiser-Meyer-Olkina index (KMO) was applied to the entire amount 
of data to determine the adequacy of the collected materials for the ana-
lysis of principal components. Since KMO is 0.68, according to Kai-
ser’s rules of thumb (Kaiser, 1974), study data should be recognized 
data suitable for principal components analysis.  
Analysis of the principal component residuals regression model re-
vealed that according to the Horn procedure (Horn, 1965) the statistically 
significant number of principal components is 7 (Table. 1). Taken toge-
ther, the first seven principal components explained 58.4% of the total 
variability of the spatial feature. For further analysis by the scree test 
(Cattell, 1966), we selected the first three principal components that 
together explained 35.1% of the total variability of the spatial feature.  
Table 1 
Principal component analysis  
Principal 
component 
Adjusted* 
eigenvalue Eigenvalue Differences 
Variation 
explained 
Standard 
deviation 
1 3.39 4.13 0.73 15.29 2.03 
2 2.22 2.84 0.62 10.54 1.68 
3 1.98 2.51 0.54 9.30 1.58 
4 1.36 1.82 0.46 6.74 1.35 
5 1.36 1.76 0.40 6.51 1.32 
6 1.04 1.37 0.34 5.09 1.17 
7 1.04 1.33 0.28 4.91 1.15 
Note: * – according to Horn procedure.  
Variables used in the principal component analysis are the ordinal 
values – for years, so the loads of the principal component on the variables 
can be represented as dynamic change over time (Fig. 6). This form of 
representation allows meaningful interpretion of the extracted principal 
components as oscillatory processes of varying frequency. So, the principal 
component 1 describes 15.3% of the total variability of the yield of rye. 
It is characterized by a negative time autocorrelation with a lag of 1 and 
11 years and positive autocorrelation with a lag of 12 years. Variation of 
principal component 1 has a clear spatial pattern (I-Moran is 0.16, P = 
0.001). Areas with high values of the principal component 1 form clus-
ters in some areas to the east and north of the region (Fig. 7). Zones with 
reduced values of this principal component form a distinct cluster in the 
south-east from the center of the region. It should be noted that the mea-
ning of the value of the principal components is conditional and it indi-
cates only the consistency of the dynamics of productivity in the admi-
nistrative areas. Accordingly, in the areas with the same value the pro-
ductivity changes simultaneously, whereas the opposite sign points to 
the opposite direction.  
The principal component 2 explains 10.5% of variability of the spa-
tial feature and for its fluctuations the negative autocorrelation is typical 
with a lag of 2 and 9 years and positive autocorrelation with a lag of 
11 years. The most typical is an oscillating process with a lag of four 
years. This component shows spatial patterns of variation (I-Moran sta-
tistic is –0.07, P = 0.05). Negative-Moran value indicates a spatial pat-
tern which is caused by the attraction of areas with a higher value of the 
principal components to areas with the lowest and vice versa. Also for 
this principal component there is a clear trend towards decrease in the 
oscillation process during the study period.  
The principal component 3 explains 9.30% of the variability еру rye 
yield and its characteristic oscillations with a period of 2–3 years. 
The high spatial level of the principal component 3 variation is confirmed 
by I-Moran statistics (0.28, P = 0.001). Clusters of high values of the 
principal component 3 are typical for the northwest and southeast, and 
with low values – to the east and southwest. Thus, the global principal 
component analysis revealed the presence of dynamic processes of the 
rye yield of an oscillatory nature with varying frequency.  
 
 
 
Fig. 6. The principal components 1–3 loads  
Geographically weighted principal component analysis. The Monte-
Carlo test was conducted in order to establish whether the eigenvalues 
of the matrix data are characterized by a spatial component of the varia-
tion. As shown in Figure 8, the p-level for testing the standard deviation 
of the local's eigenvalues according to the results of the GWPCA is 
0.01. This value indicates that the hypothesis of spatial invariance of local 
eigenvalues can be with statistical probability rejected or otherwise, that 
there is a high level of spatial nonstationarity which presented in data on 
the yield of rye.  
Before finding the optimal window of transmission, it is necessary 
to decide which number of principal components to leave out (Harris 
et al., 2011; Gollini et al., 2013). The results of the previous global 
analysis of principal components indicate that the first three components 
are able to explain together 35.1% of the variations in the structure of 
the data. Accordingly, the decision is justified to leave out three compo-
nents for further GWPCA procedure.  
The results of the procedure GWPCA can be visualized and inter-
preted by focusing on how the dimensions of the data in space are va-
riable and on how the original variables affect the principal components. 
The percentage of spatial variation of total variation demonstrates clearly 
expressed variability, thus forming spatially homogeneous clusters in the 
Meridian direction (Fig. 9). Compared with the global analysis of the 
principal components, GWPCA demonstrates its effectiveness and effi-
ciency in the analysis of spatial patterns of regional placement of rye yield 
by using the mapping of spatial variability of the principal components.  
It was suggested that the variables with the biggest loads and intensity 
of their influence can be locally displayed (Lloyd, 2010). In the future we 
can show how each of the variables locally affect this component by map-
ping " the winning variables", i.e. those of which have the greatest absolute 
load. Figure 10 shows the spatial distribution of the variables with the grea-
test absolute load of the principal components GWPC 1–3 respectively.  
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Fig. 7. Spatial variation of principal components 1–3  
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Fig. 8. Monte Carlo test for GWPCA  
The largest absolute load of the variable, which are features of the 
spatial distribution of rye yield in a given year can be interpreted as a 
marker of the greatest sensitivity to the oscillatory dynamics over time, 
as was shown for the global principal component analysis. Local decisi-
ons can to a significant degree correspond to the global results, or differ 
in the significance of oscillatory processes at the regional level, which 
may cause a change in the order of components, or be expressed as a 
gain in statistical significance of processes which at the global level are 
not statistically significant.  
The traditional presentation of "winning" variables for principal com-
ponents cannot fully show the nature of the relationship between the de-
pendent spatial indices that are measured by principal component analy-
sis. The prevailing of the load factor is one aspect that characterizes the 
dynamics of rye yields. The oscillatory nature of this dynamic makes 
predominance the result of accidental release of the parameter at a spe-
cific time compared with the total recurring dynamics. Therefore, for each 
of the statistically significant principal components we performed a clas-
sification procedure of the administrative regions using cluster analysis 
based on distance, which is the inverse of the Pearson correlation coeffi-
cient. This indicator of distance is sensitive to the form of comparable 
indicators, rather than their absolute values. The specified approach allows 
us to identify groups of administrative districts which are characterized 
by similar temporal dynamics of rye yields in the relevant aspects of the 
principal components. We can assume that the aggregate administrative 
regions which are characterized by similar yield dynamics are also geo-
graphically close and form homogeneous ecological regions.  
 Fig. 9. Spatial variability of the percentage of total variance (PTV) 
The cluster analysis of the administrative districts on the basis of the 
factor loadings GWPC 1 revealed three homogeneous clusters (Fig. 11). 
For each cluster we calculated the average values of factor loadings, 
which helped assess the specificity of the respective clusters (Fig. 12). 
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Fig. 11. Cluster analysis of administrative districts  
according to values of factor loadings GWPC 1 
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Fig. 10. Spatial placement of "winning" variables for the principal components 1–3  
 
Fig. 12. The average values of factor loadings GWPC 1 for clusters 
1–3: abscissa – the primary variable (residuals of regression  
models of yield trend for years), ordinate axis – factor loads  
Established clusters and their distribution factor loadings give an 
idea of the course of processes that are characteristic of the respective 
cluster. General trends are quite similar variation for all clusters. The pe-
culiarities lie in some shift in frequency and amplitude of variation in 
the period 1995–2005. Before this period and after the oscillatory pro-
cesses in the clusters match the phase and are quite similar in amplitude. 
Obviously, the imbalance which took place at the level of agroeconomic 
and agroecological components in the 1990s showed itself in a different 
course of the production process. The specificity of the oscillatory pro-
cesses clearly marked the spatial component (Fig. 13).  
 Fig. 13. Spatial distribution of clusters obtained on the basis  
of factor loadings GWPC 1  
The spatial distribution of administrative districts included in the 
respective clusters is spatially regular (Fig. 13).  
Cluster 1 covers the east and center of the study area. Cluster 3 
shows the area located to the west and cluster 2 occupies the western-
central position.  
Cluster analysis of the administrative districts by the values of factor 
loadings GWPC 2 revealed three homogeneous clusters (Fig. 14). For each 
cluster we calculated the average values of factor loadings, which hel-
ped assess the specificity of the respective clusters (Fig. 15). For clusters 
1 and 3, a decrease is characteristic during the studied period, while for 
cluster 2 fading amplitude was observed in the middle of the period of 
study. In the spatial aspect, these clusters divide the research area into al-
most three equal areas (Fig. 16): cluster 1occupies the central area, clus-
ter 2 occupies the eastern and cluster 3  the western part of the territory.  
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Fig. 14. Cluster analysis of administrative districts by values of 
factor loadings GWPC 2 
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Fig. 15. The average values of factor loadings GWPC 2 for clusters 
1–3: abscissa – the primary variable (residuals of regression models 
of yield trend for years), ordinate – load factor  
Cluster analysis of the administrative districts by the values of factor 
loadings GWPC 3 revealed three homogeneous clusters (Fig. 17). For each 
cluster we calculated the average values of factor loadings, which hel-
ped assess the specificity of the respective clusters (Fig. 18). In terms of 
temporal dynamics, for cluster 2 a significant increase in amplitude at 
the end of the studied period (2011–2017) was characteristic, while for 
cluster 1 and 3 there is a tendency to decrease in amplitude throughout 
the period of study. Cluster 2 occupies the central part of the investiga-
ted area, and clusters 1 and 3 – to the east and west form a mosaic 
structure (Fig. 19).  
  
Fig. 16. Spatial distribution of clusters obtained  
on the basis of factor loadings GWPC 2 
0
20
40
60
80
 
  
Fig. 17. Cluster analysis of administrative districts by values  
of factor loadings GWPC 3  
Discussion  
 
In the period 1991–2017 in Ukraine there were significant social and 
economic reforms initiated by the collapse of the Soviet Union and in-
dependence. Transformation of productive relations became a generator 
of a clearly marked trend of changes in the productive potential of agri-
culture (Zhukov & Ponomarenko, 2017; Zhukov et al., 2018; Zymaro-
eva, 2018). This trend is associated with a sharp decline in production in 
the first half of the 1990s, following which the decline ceased and 
growth resumed, which reached its peak at the end of the 2000s. Such 
dynamics can quite well be described as polynomial. Three extreme 
points indicates that the fourth-order polynomial is the best mathema-
tical model of the trend (Zhukov & Ponomarenko, 2017). The coeffici-
ents of the models cannot be meaningfully interpreted, but on their basis 
it is possible to calculate the parameters that indicate the most characte-
ristic properties of the trend dynamics. The free member of the polyno-
mial – constant b – indicates productivity of the culture in the starting 
period. The value of the function at the point of local minimum points 
indicates Ymin at the "trough" of the dynamics of the crop productivity. 
The nature of the trend we ascribe to agroeconomic and agrotechnolo-
gical origin. The dynamics of the trend may be the nature of its economic 
cycle and its phases: rise, peak, decline, trough. The trough of the obser-
ved crop productivity coincided with the socio-economic crisis of the 
1990s, which were a consequence of the process of disintegration of the 
USSR. Changes in forms of management and ownership of land, which 
became the main object of reforms in the agrarian sector of Ukraine, 
unfortunately, had a negative impact on soil fertility, which lost much of 
its humus - the world's most fertile black soil turned into soil of average 
fertility and continues to deteriorate. Restructuring of productive relations 
in agriculture and economic crisis led to a decline in agricultural tech-
nology of production. Of course, it directly affected the yield of crops.  
  
Fig. 18. The average values of factor loadings GWPC 3 for clusters 
1–3: abscissa – the primary variable (residuals of regression models 
of yield trend for years), ordinate axis – load factor  
  
Fig. 19. Spatial distribution of clusters obtained on the basis  
of factor loadings GWPC 3  
In the late 1990's, the crisis in agriculture ended, and preconditions 
for sustainable development were being formed, which manifests in the 
almost linear increase in rye productivity up to the maximum parameter 
in the late 2010s. The condition of YMax maximum productivity culture 
reflects a balance between the factors of an agroeconomic and agrotech-
nological nature on the one hand and biological potential – on the other. 
Obviously, at such level of economic provision and agrotechnological 
system, farmland can provide greater yield. In this situation, the release 
of productivity on the plateau should be expected, yield variation on 
which would be conditioned not only by natural fluctuations which in 
origin are common both for natural and agricultural ecosystems. Instead 
of a plateau, yield reduction can occur, resulting in reduction of the local 
maximum. The reasons for yield decline after reaching a peak require 
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separate research also in the economic sphere, but in our opinion, the 
reasons are chiefly of an agrotechnological nature. Irregularities in crop 
rotation lead to exhaustion of soil and loss of fertility, resulting in re-
duction of general level of yield of sunflower after local maximum.  
Between the local maximum and minimum on the one hand and 
the minimum and maximum yield productivity on the other hand, the 
inflection point of the polynomial curve occurs, where the second deri-
vative is zero. At these points the speed of reduction or increase in the 
crop reaches its maximum, and the corresponding dynamics can be 
approximated by a linear dependence. The angle of the tangent to the 
regression line at the intersection point indicates the maximum speed of 
reduction or increase in yield respectively, which may be a characteris-
tic indicator of yield dynamics.  
The dynamics of productivity in space and time is a trajectory in a 
multidimensional space, which significantly complicates its reflection and 
thus its research. Trend parameters can be calculated for each of the sur-
veyed points in space, which are presented by geographic centroids of 
administrative districts. Features of the spatial variation of these parame-
ters can be depicted cartographically. Thus, we have a possibility to car-
tographically reflect the spatial variability of parameters that indicate the 
peculiarities of the process dynamics over time.  
Along with agroeconomic factors, agroecological factors may inf-
luence the formation of trendы. Agriculture is closely associated with 
the variability of climatic conditions and their changes. It can be expec-
ted that climate changes directly affect the production of agricultural 
crops. This impact can vary depending on the level of warming and chan-
ges in precipitation intensity, related to it (Kamran & Asif, 2011). Climate 
variability significantly affects the fluctuations of crop yields. In some 
regions, more than 60% of yield variability over time of such crops as 
maize, rice, wheat and soybeans can be explained by climate variability 
(Ray et al., 2015). Various climate aspects (temperature and precipita-
tion variability) may have different effects on growth of agricultural crops 
and their resulting yield (Urban et al., 2012). Such climatic variables as 
temperature and precipitation are significant factors in the spatial diffe-
rentiation of yield (Ray et al., 2015). Reduction in yield following inc-
rease in temperature has been recorded all around the world (Lobell, 
2007; Lobell et al., 2008). In Eastern Europe (including Ukraine), 23–
66% of interannual variability of yields can be explained by climate and 
normal or extreme temperatures (Ray et al., 2015). But the analysis of 
observations on crop yield of over time revealed a negative correlation 
between yield and temperature mainly only for maize. Both positive and 
negative correlation was determined for rice and wheat (Tao et al., 2008). 
Higher temperatures have a negative effect on yield of grain crops 
within different regions of Europe. Although food security in Europe is 
probably not much dependent on climatic conditions due to technologi-
cally developed agricultural practices (Brown & Funk, 2008), climate-
induced uncertainty (significant fluctuations) in the production of food 
as a result of an increase in temperature may occur in the future (Pelto-
nen-Sainio et al., 2010).  
Agroeconomic factors of the formation of the yield trend also have 
a complex nature. Differences in technological investments as well as 
agricultural technologies, such as the protection of plants, methods of 
seeding and use of fertilizers, can lead to differences in yield producti-
vity (Annicchiarico & Iannucci, 2008; Jensen & Hauggaard-Nielsen, 2010; 
Flores et al., 2012). Spatio-temporal patterns include landscape systems 
and play an important role in the ecological dynamics of agricultural 
processes (Turner, 1990). Similarly to other ecological properties, yield 
demonstrates variability in space and time. Annual crop yield may vary 
between regions, which is the spatial variability (Mueller et al., 2012). 
The yield of a particular crop within the region is also inconstant from 
year to year, which is the temporal variability (Ray et al., 2015).  
The presence of a trend, the mathematical form of which is unchan-
ged, indicates the presence of permanent external factors which affect 
the process dynamic. We consider agroeconomic conditions of farming 
to be such a factor. But the final result of the impact is affected by fac-
tors of other nature, which have a local character. The remains of the 
trend model can be divided into two components: information noise 
impact and the outcome of regular factors. The latter most likely have an 
environmental origin if the fact that they are spatially structured is proven.  
The analysis of the principal components of the model of temporal 
trend allowed us to determine three aspects of variability of rye yield 
within the studied territory, or the principal components. All of these 
components are spatially determined. In the dynamic aspect, these prin-
cipal components are characterized by different frequency characteris-
tics of variation over time. In addition, the principal component 2 was 
observed to have the tendency towards fading of the fluctuation process 
over time. It can be assumed that the agroeconomic crisis launched ne-
gative agroecological processes, and the stabilization of the production 
relations and the restoration of production contributed to the stabilization 
of the ecological situation in the agricultural spheres. Spatial variation of 
this factor can be linked with the centers of biological diversity, which 
are the basis of recovery of environmental stability and the surrounding 
landscape, including farmland.  
Application of principal component analysis methods for the analysis 
of the dynamics of the yield is based on the supposed uniformity of the 
pattern of the relationships within all the studied area. Geographically 
weighted principal component analysis allows us to analyze the local 
patterns of dynamics of rye yield. Local models are more practical than 
the total model, which is quite natural for the consideration of local spe-
cifics can more objectively reflect the reality. But applying this approach 
raises some methodological difficulties for meaningful interpretation. 
The most common technique of mapping of "winning" variables is not 
applicable in the case of analysis of time series. Therefore, on the basis 
of close types of local dynamics, we determined the clusters for each 
principal component and used mapping of these clusters instead of de-
monstrating "winning" variables. This approach has some advantages.  
First, the homogeneous areas ecologically obtained using our 
approach (Fig. 13, 16, 19) are more compact than the zones determined 
using "winning variables" (Fig. 10). This result is conditioned by the fact 
that in the formation of the clusters the predominant role belongs to the 
factors of a regular nature, and random factors are filtered out as a result 
of the analysis procedure. At the same time, the "winning variables" are 
the result of overall random selection of some informatively valuable 
variables. Therefore, both approaches generally give a similar picture, 
but the proposed algorithm is less sensitive to random factors.  
Secondly, the suggested algorithm allows integrative interpretation 
of the clusters using the analysis of the dynamic peculiarities of each 
cluster over time. In the "winning variable" approach, the variable is the 
marker of the corresponding spatially uniform area. But such tool is 
acceptable at using qualitatively different variables, each of which can be 
measured in the next period of time and thus be used for the prediction 
of the studied phenomenon. Among the variables of time series, there 
are no “more important" or "less important" years. In addition, all these 
variables are retrospective and cannot be re-measured. For the predicti-
on, the patterns based on the cyclic periodicity of the processes could be 
used. Such features can be determined for selected clusters.  
 
Conclusions  
 
Rye yield dynamics in the studied area over time are characterized 
by three extreme points: two local maxima and one local minimum. 
Specific points of the polynomial curve of the fourth order can be 
meaningfully interpreted and applied to describe the dynamics of yield. 
The free member of the polynomial indicates the yield productivity of 
the crop over the starting period. Dynamics of the yield productivity that 
can be explained by the regression indicates that agrotechnological and 
agroecological conditions of agricultural production are a total factor 
that determines the presence of a general trend. The coefficient of 
determination of the regression of total trend can be interpreted as an 
indicator of the role of agrotechnological and agroeconomic factors in 
the dynamics of yield productivity. The residual of the regression model 
of the trend can be interpreted as such, containing the agroecological 
component of dynamics of rye yield. Their analysis revealed 7 key 
components that together explained 58.4% of the total variability of the 
spatial feature. The principal components reflect the specific patterns of 
the fluctuating nature of the variability of rye yield over time, which are 
spatially determined. The fluctuating processes have an ecological 
nature. Geographically weighted principal component analysis showed 
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the spatial non-stationary condition of the ecological regimes, which 
determine the fluctuating component of the variability of rye yield over 
time. The spaces within which the structure of ecological interactions 
remain unchanged, can be considered as the basis of agroecological 
zoning of territories.  
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